During early neurogenesis in flies and mice, spatial and temporal cues interact to specify 16 neuronal diversity, yet in no organism is it known how spatial and temporal cues are integrated. 17 We used Targeted DamID (TaDa) to identify the genomic binding sites of the temporal 18 transcription factor Hunchback in two adjacent Drosophila neuroblasts (NB5-6 and NB7-4). 19 Hunchback targets were different in each neuroblast. Profiling chromatin accessibility showed 20 that each neuroblast had a distinct chromatin landscape: Hunchback-bound loci in NB5-6 were 21 in open chromatin, but the same loci in NB7-4 were in closed chromatin. Moreover, binding of 22 the spatial factor Gsb/Pax3, essential for NB5-6 specification, was correlated with open 23 chromatin and Hunchback-enriched loci in NB5-6, but not NB7-4. We propose early-acting 24 spatial factors establish a unique chromatin landscape in each neuroblast, thereby restricting 25 temporal factor binding to different loci in each neuroblast, resulting in different neurons in each 26 neuroblast lineage. 27 28 Impact statement 29 Integration of spatial and temporal identity during Drosophila neurogenesis is due to spatial factors 30 generating neuroblast-specific chromatin thereby biasing subsequent temporal transcription factor 31 binding and producing neuroblast-specific neurons. 32 33 34 35
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neuroblast.
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To discriminate between these models, we sought to determine Hb genomic targets in NB5-143 6 versus NB7-4. If independent specification is used, we expect to find similar Hb occupancy in 144 each neuroblast ( Figure 1B) , whereas if sequential specification is used, we expect to find 145 different Hb genomic binding in each neuroblast ( Figure 1C ). Our goal was to identify Hb 146 occupancy within the early NB5-6 and NB7-4 lineages during the Hb competence window, when 147 Hb retains the ability to generate ectopic early-born neuronal identities, and thus presumably can 148 still bind its normal genomic targets. To identify Hb occupancy in these two neuroblast lineages, 149 we adapted the previously described TaDa method (Marshall et al., 2016; Southall et al., 2013) . Figure 1E ) or Dam can be fused to a transcription factor such as Hb, which 155 provides a read-out of Hb genomic occupancy ( Figure 1F ). 156 Here we characterize two Gal4 lines that are specific for NB5-6 and NB7-4 lineages in the 6 window. Similarly, we used NB7-4-Gal4 to generate MCFO single cell labelling, but could not 205 directly identify a Hb+ neuron either due to loss of Hb from early-born neurons prior neuronal 206 differentiation, or due to lack of gal4 expression in these neurons. Instead, we used multiple 207 criteria to identify a putative early-born neuron, the G neuron, using MARCM clones ( Figure 2J ), 208 and EM reconstruction ( Figure 2K ). Our criteria for assigning this neuron as early-born include (i) 209 presence of the neuron in full NB7-4 clones ( Figure 2J ) but not in the NB7-4-Gal4 pattern ( Figure   210 2, supplement 1), which misses early-born neurons; (ii) cell body position next to the neuropil, 211 where most Hb+ neurons are located (Kambadur et al., 1998) ; and (iii) close morphological 212 match to the early-born grasshopper G neuron, including ascending and descending projections 213 in the most lateral connective tract (Raper et al., 1983) . Finally, we note that all NB7-4 neuronal 214 progeny have contralateral axons (Schmid et al., 1999; Schmidt et al., 1997) , whereas the NB5-6 215 early-born Chaise Lounge neuron has ipsilateral projections. Thus, we conclude that NB5-6 and 216 NB7-4 produce different neurons during the Hb expression window. This makes NB5-6 and 217 NB7-4 an appropriate model system to characterize how different spatial patterning cues 218 produce distinct Hb+ early-born cell types. have been shown to be non-toxic (Aughey et al., 2018; Marshall et al., 2016; Southall et al., 224 2013), this is the first use of Dam:Hb and its toxicity is unknown. We used standard methods to 
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To determine if Dam:Hb is toxic, we expressed the fusion protein throughout the nervous 230 system (sca-Gal4 UAS-Dam:Hb) and ubiquitously (Da-Gal4 UAS-Dam:Hb), and observed no 231 effect on embryonic viability ( Figure 3A ). To determine whether the Hb portion of the Dam:Hb 232 fusion protein was functional, we assayed for its ability to generate ectopic Eve+ U neurons, 233 despite being expressed at very low levels. In wild type, NB7-1 generates five Eve+ U neurons, 234 including the Hb+ early-born U1 and U2 neurons, and extending neuroblast expression of Hb 7 stage 17. We found that the biological replicates showed high Pearson correlation coefficients Figure 3 -supplement 1). We next compared the similarities in Hb occupancy as reported by 255 these two techniques at the genomic level. To do this, we ran the MACS2 peak caller (Zhang et 256 al., 2008) on the two datasets and identified 6,597 and 6,656 regions significantly enriched for 257 Dam:Hb and Hb ChIP respectively (see methods). We found that 1,972 regions were shared 258 between the two (29.89% of ChIP peaks and 29.62% of Dam:Hb peaks). When broad peaks 259 were used for this analysis, 2,394 regions were shared between the two, or 33.74% of ChIP 260 peaks and 45.13% of Dam:Hb peaks; and when the narrow peaks were extended to 2kb on 261 either side of the peak summit, 2,207 regions were shared between the two, or 57.53% of ChIP 262 peaks and 60.37% of Dam:Hb peaks. A Monte Carlo analysis on the narrow peak overlap 263 showed this was highly significant, detecting only 6.16% overlap with a set of random peaks 264 (100 iterations, p-value < 1 e -300 , see methods). Correspondingly, we found high ChIP signals at At this point we have validated two neuroblast-specific Gal4 lines, as well as shown that Dam:Hb 275 genomic binding is both reproducible and matches published Hb ChIP data in stage 9 whole 276 embryos. However, to test the two models of spatial and temporal integration we had to use 277 Dam:Hb in the NB5-6 or NB7-4 lineages -much smaller pools of cells -to determine whether Hb 278 genomic targets were the same or different in these spatially distinct NB lineages. Therefore, our 279 next step was to determine if we could get reproducible Dam:Hb binding data from this small 280 pool of cells, and with shorter Dam:Hb exposure than previously reported (Marshall and Brand, 281 2017; Southall et al., 2013; Widmer et al., 2018) . We expressed Dam:Hb in a single neuroblast 282 lineage in each hemisegment (about 200 cells in the ~50,000 cell embryo) and for five hours 283 (from embryonic stage 9-12). Previous experiments had expressed Dam constructs in a higher 284 fraction of cells and for ≥12h (Cheetham et al., 2018; Southall et al., 2013; Widmer et al., 2018) . 285 We expressed Dam:Hb using each of two neuroblast-specific Gal4 lines (NB5-6-Gal4 and NB7-286 4-Gal4) and purified DNA from stage 12 embryos, near the end of the Hb competence window 287 (see methods). We performed three biological replicates for each neuroblast and observed 288 excellent reproducibility across all replicates ( Figure 4A ). We conclude that we can get a 289 reproducible Dam:Hb signal from a single neuroblast lineage during the Hb competence window. 290 8 Next, we wanted to determine whether Dam:Hb binds the same or different loci in the two 291 different neuroblasts. The high correlation between biological replicates for each neuroblast, plus 292 the lack of correlation between the two neuroblasts, provided a gross indication that Dam:Hb 293 has unique binding sites in each neuroblast lineage ( Figure 4A ). We expected the vast majority of 294 loci in the genome to show a similar occupancy of Dam:Hb, because most genes are not 295 predicted to regulate NB5-6/NB7-4 differences, and indeed, comparing Hb binding along the 296 entire fourth chromosome shows qualitative similarities between the two NB lineages ( Figure 4B ). 297 This is also evident at genes known to be expressed in and regulated by Hb across many were enriched for Dam:Hb binding in the NB5-6 lineage, and 2,217 that were enriched for 308 Dam:Hb binding in the NB7-4 lineage ( Figure 4C ; Supplemental Table 1 ). In addition, there were 309 2,860 loci occupied by Dam:Hb in both neuroblast lineages ( Supplemental Table 1 ). Importantly, 310 while the read densities at individual loci are similar between replicates, they are strikingly 311 different between the two neuroblast lineages.
312
Next we represented the differentially bound loci using a volcano plot, where the magenta 313 dots highlight the most significantly differential loci with more than 2-fold change and an FDR of 314 £0.01 ( Figure 4D ). This threshold corresponds to 718 Hb enriched loci in NB5-6 lineage and 504 315 Hb enriched loci in NB7-4 lineage ( Supplemental Table 1) , which is what we use for all 316 subsequent analyses. The genes closest to the top five differentially occupied loci in each 317 neuroblast are marked in this plot, and shown in Figure 4E ,F. Based on these results, we 318 conclude that Dam:Hb binds different loci in different neuroblasts. This clearly rules out the 319 independent specification model where Hb has identical binding sites in different neuroblasts. 
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We next sought to determine whether Dam only could be used to assay open chromatin in 342 small pools of cells over a short period of time -e.g. in NB5-6 and NB7-4 lineages at stage 12. 343 We performed three biological replicates of Dam only for each neuroblast, and observed 344 excellent reproducibility in all but one replicate, so we used the two best replicates henceforth 345 ( Figure 5D ). The reproducibility of the method can also be observed in the similar Dam binding Chromatin accessibility has been shown to be the strongest determinant of TF occupancy on the 363 genome (Guertin et al., 2012; Kaplan et al., 2011 ; Li et al., 2008) . We wanted to determine if Figure 6B , green lines), while these same loci had closed chromatin in NB5-6 lineage 379 ( Figure 6B , blue lines). Corresponding to this, we found 364 peaks, or 50.76% of the differential open chromatin peaks in that lineage. A Monte Carlo analysis showed these overlaps to be 383 highly significant, detecting 5.23% overlap with a set of random peaks in NB5-6 and 6.75% in 384 NB 7-4 (100 iterations, p-value <1 e -300 for NB 5-6 and 8.9 e -133 for NB 7-4, see methods). As a 385 control, we assayed loci bound by Dam:Hb in both neuroblast lineages and found that there was 386 no difference between lineages in open chromatin at these sites ( Figure 6C ). We confirmed these 387 findings at the top five differentially bound Dam:Hb loci in the two neuroblast lineages. All but 388 two of these differentially bound loci were also identified in the differential chromatin analysis; 389 even the two that were not picked up in the analysis (sqz and mspo) were qualitatively different 390 between the two neuroblast lineages ( Figure 6D ,E). We conclude that neuroblast-specific If spatial factors generate lineage-specific chromatin landscapes as the sequential specification 401 model proposes, then it's likely that lineage-specific STF occupancy will correspond to lineage 402 specific chromatin accessibility. Gsb is one of the best studied STFs in the embryonic VNC. It 403 has been shown to be both necessary and sufficient to determine the identity of the row 5 NBs 404 (Bhat, 1996; Skeath et al., 1995) . Not only is Gsb a functionally validated STF, but Gsb ChIP-chip 405 data from 0-12h embryos are publicly available (Bonneaud et al., 2017) . As NB5-6 is a row 5 NB 406 lineage specified by Gsb, it gave us the opportunity to test the sequential specification model Finally, we reasoned that if Hb preferentially binds to regions of accessible chromatin, and 416 STF occupancy correlates with open chromatin in a lineage-specific manner, then the lineage-417 specific Hb occupancy that we observe in NB5-6 should correlate with lineage specific STF 418 occupancy. We therefore plotted Gsb signal around NB5-6-enriched Hb loci and found a 419 corresponding enrichment of Gsb occupancy at these regions ( Figure 7B , blue line). In contrast, 420 the NB7-4-enriched Hb loci did not show any such enrichment ( Figure 7B, green 
line). A Monte
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Carlo analysis found this enrichment to be highly significant (average real NB5-6/NB7-4 fold 422 change = 2.219, average simulated NB5-6/NB7-4 fold change = 1.088, 100 random iterations, p-423 value = 5.1039 e -9 ; see methods). We conclude that loci differentially bound by Hb in NB5-6 are 424 enriched for Gsb occupancy, although we note that occupancy may occur at different times (Gsb 425 earlier, Hb later).
426
Taken together, these data support the sequential specification model, where a transiently 427 expressed STF (e.g. Gsb) sculpts a lineage-specific chromatin landscape in NB lineages (eg.
428
NB5-6), this determines lineage-specific binding of TTFs (e.g. Hb), which can in turn specify 429 different neural fates in different NB lineages (Figure 8 ). neurons per brain (Widmer et al., 2018) . In our study we analyze the smallest percentage of cells 440 to date -we calculate that there are between 8-12 cells in each hemisegment expressing Dam 441 constructs; with a total of 11 segments (three thoracic, eight abdominal) that would give a 442 maximum of 264 cells per embryo, or about 0.5% of the estimated 50,000 cells per embryo.
443
Furthermore, we pushed the limits of the technique by allowing just 5 hours of Dam or Dam:Hb 444 expression. It's likely that this restrictive condition was successful in the case of a transcription 445 factor-DNA interaction, which is stable during the time window; it might not be sufficient for 446 factors such as RNA Pol II that require processivity through a gene. The ability to query 447 transcription factor occupancy in such a precise manner -in a small subsets of cells over short 448 periods of time -will encourage new uses of the method, such as studying the determination of 449 cellular identities during development, upon reprogramming, or even in response to stimuli.
450
Using traditional methods of studying protein-DNA interactions, Hb targets in early 451 embryogenesis have been well-characterized (Berman et al., 2002; Hoch et al., 1991; Rivera-452 Pomar et al., 1995; Struhl et al., 1992 ), yet little is known about Hb targets in the CNS, and 453 nothing is known about neuroblast lineage-specific targets that specify lineage-specific neuronal 454 identity. Here we've reported the first description of Hb occupancy in vivo within the genome of 455 individual neuroblast lineages. Our study identified many loci that were similarly occupied in the 456 two lineages, which are likely to consist of regulatory modules common to both lineages such as 457 pan-neuronal specification or the progression of the temporal series. The latter example consists 458 of Hb activating Kr and repressing pdm2 in most neuroblast lineages. Indeed we find that Hb 459 binds to both loci in NB5-6 and NB7-4 lineages, confirming previous observations that Hb 460 directly represses pdm2 and activates Kr in multiple neuroblast lineages (Kambadur et al., 1998; 12 Tran et al., 2010) . Hb is also likely to directly repress zfh2 in most neuroblast lineages (CQD, 462 unpublished results) and our data show that the zfh2 locus is indeed equivalently occupied in 463 both neuroblast lineages. Apart from the commonly regulated loci, we identified over 100 loci 464 that are differentially bound by Hb in NB5-6 or NB7-4. These are excellent candidates for 465 lineage-specific neuronal specification.
466
NB5-6 and NB7-4 develop adjacent to each other during the earliest (S1) wave of neuroblast 467 delamination. They share a common lateral Msh+ spatial column, but are in different 468 anterior/posterior spatial domains (NB5-6 is Gsb + , NB7-4 is En + ). Although NB5-6 and NB7-4 469 make different early-born neurons, they share a common ability to make subperineurial glia and 470 neurons that project through the posterior commissure (Schmid et al., 1999; Schmidt et al., 471 1997) . It is interesting to speculate that their common properties are due to their shared 472 columnar spatial position, whereas their differences are due to different anterior/posterior spatial 473 cues. 474 We show that ~1200 Hb-bound loci are different in NB5-6 and NB7-4 lineages, and that the showing that DNA accessibility, not cooperative or competitive interactions, have the strongest 489 impact on transcription factor binding (Kaplan et al., 2011; Li et al., 2008) . Similarly, this model is 490 supported by in vitro protein-DNA studies that eliminate chromatin state contribution to these 491 interactions (Guertin et al., 2012) .
492
The specific enrichment of Gsb occupancy at regions of accessible chromatin in NB5-6 is a 493 striking result that supports this hypothesis despite the Gsb ChIP data being from whole will demonstrate a causal link between chromatin state and Hb occupancy. To definitively rule 502 out the possibility that Hb acts as a pioneer in these lineages, it may be feasible to misexpress or 503 13 mutate Hb, to determine the effect on chromatin accessibility. These are technically difficult 504 studies, beyond the scope of this paper.
505
Although we have provided evidence that Hb-bound loci are chosen from neuroblast-specific 506 open chromatin domains, this does not rule out that sequential specification occurs via lineage-507 specific STFs/STF-target genes acting as Hb cofactors to bias Hb binding in each lineage.
508
However, we have been unable to find any de novo DNA motif enriched within 1kb of Hb-bound 509 genomic loci, either neuroblast-specific loci or within all Hb-bound loci. This is consistent with 510 Hb acting independently, but we can't rule out the possibility of Hb acting with co-factors.
511
Our study, coming almost two decades after the first descriptions of spatial and temporal 512 patterning in Drosophila neural stem cells (Isshiki et al., 2001) , has for the first time explored the 513 mechanism by which spatial and temporal factors could be integrated to generate neuroblast- kindly provided by Andrea Brand, 19B03 [AD] ; 18F07 [DBD] was a gift from Gerald Rubin, and Lbe-(K)-526 Gal4 (called NB5-6-Gal4 here) was a gift from Stephan Thor. To generate MCFO clones (Nern et 527 al., 2015) with NB5-6-Gal4 or NB7-4-Gal4, we crossed hsFLP; UAS-MCFO females to Gal4 line 528 males. 0-1 hour eggs were collected, aged at 25C until stage 8 and given a 37°C heat shock for 529 20 minutes then aged at 25°C or 18°C until stage 17. We used MARCM (Lee and Luo, 1999) with 530 engrailed-Gal4 to generate NB7-4 clones, which were unambiguously identified by the presence 531 of channel glia (Schmid et al., 1999; Schmidt et al., 1997) . were crossed to about 500 males of Da-Gal4 in egg collection cages placed at 25°C. Embryos 563 were collected every two hours and aged for 16 hours at 25°C, then dechorionated with bleach to 564 15 avoid contaminants, washed thoroughly with de-ionized water and preserved at -20°C until 565 sufficient material was collected -for each replicate, 50mg of control and experimental embryos.
566
For stage 12 neuroblast TaDa experiments, about 5,000-6,000 UAS-LT3-Dam and UAS-LT3-567 Dam:hb flies were crossed to about 3,000 Lbe-K-Gal4 or 19B03 [AD] /18F07 [DBD] flies. Embryos were 568 collected every two hours and aged for 7.5 hours at 25°C, and similarly treated until sufficient 569 material was collected -for each replicate, 4 X 1.5 µL tubes of 50 mg of control and experimental 570 embryos.
571
The TaDa experimental pipeline was followed according to (Marshall et al., 2016) , with a few 572 alterations to optimize for small cell numbers and short duration of Dam expression. Briefly, the 4 573 tubes of each replicate were thawed on ice, processed separately and in parallel until the PCR 574 purification step after the DpnI digestion step; subsequently, an additional PCR purification step 575 using standard Qiagen PCR purification columns was used to concentrate the DpnI digested 576 product to 32 µL. Embryos were homogenized with an electric pestle and gDNA was extracted 577 using the DNA Micro Kit (Qiagen, cat. no. 56304). Extreme care was taken to ensure that the 578 gDNA remained intact -this was done by using wide bore tips to avoid fragmenting the DNA, 579 pipetting deliberately, and avoiding any rough shaking/tipping. gDNA was digested with DpnI for 580 14-16 hours in a thermocycler then PCR purified. MyTaq HS DNA polymerase kit (Bioline, cat. no. Quality control. Each file was assessed for quality using FastQC (Andrews, 2010) . Reads with 589 quality score less than 30 were discarded. Any contaminants were removed using BBsplit of the 590 BBmap suite (https://sourceforge.net/projects/bbmap/ ).
592
The damidseq_pipeline was used to generate log2 ratio files (Dam:hb/Dam) in GATC resolution 593 as described previously (Marshall and Brand, 2015) . Briefly, the pipeline uses Bowtie2 Each row in the heatmap corresponds an individual peak, and the signal around that peak. 
